Emerging ultrasonic and megasonic cleaning demands in various applications (solar cell, storage devices, wafer and mask cleaning, etc.) dictate the need to understand the acoustic cavitation under different operating conditions to optimize efficiency of cleaning and reduce damage. Major parameters that affect cavitation include frequency of the sound field, operating power of the transducer and the cleaning chemistry. Previous studies have reported the use of common techniques such as multi-bubble sonoluminescence [1] and sono-electrochemistry [2] to understand acoustic cavitation. The disadvantage with sonoluminescence technique is that it characterizes cavitation mainly in the bulk of the solution, which may not be pertinent to wafer cleaning applications where the interest is in understanding cavitation phenomena close to the wafer surface. Although, sono-electrochemical techniques employing microelectrode are capable of measuring cavitation in the vicinity of a solid surface, they are limited to measurements on an extremely small area due to the miniscule size (5-25 µm) of the electrode. In this context, hydrophone measurements offer significant benefit as they can be taken near a solid surface as well as on a relative large area (1-2 mm diameter) of the pressure sensitive tip. Frohly et al. [3] conducted hydrophone studies in a megasonic (~ 1 MHz frequency) tank and observed that at acoustic intensities below 24 mW/cm 2 , the power spectrum consisted of predominantly line spectrum, indicative of a stable cavitation behavior. As the acoustic intensity was increased beyond 24 mW/cm 2 , a broadband component was observed, suggestive of a more chaotic bubble behavior (transient cavitation). Liu and co-workers [4] also determined the effect of cavitation in tap water under aerated and degassed conditions by means of a hydrophone. Cavitation experiments were carried out at a frequency and power of 20 kHz and 60W, respectively. The cavitation spectrum for aerated tap water indicated lower intensity of both stable and transient cavitation in comparison to that observed for degassed water. The authors concluded that the presence of a dissolved gas (such as air) hinders and decreases the intensity of cavitation by diffusing into the bubble. In the current work, we have characterized transient cavitation in de-ionized (DI) water saturated with air, argon and carbon dioxide at varying power densities and acoustic frequencies between 25 kHz and 970 kHz using a hydrophone (HCT-0310, Onda Corporation). The power for acoustic frequencies between 25 and 500 kHz was fixed at 200 watts for 10 liters of aqueous solution. At 970 kHz, the power varied from 250 W to 1000 W for 2 liters of aqueous solution (corresponding to 2 to 8 W/cm 2 ). The temperature of the experimental solutions was maintained at 22-25 °C. The set-up consisted of a calibrated hydrophone in conjunction with an oscilloscope (NI-5133, National Instruments) to record the acoustic emissions. LabVIEW 2012 (version 12.0) was used to acquire the data at high sampling rates (20-50 million samples per second) for a period of 1 second and Matlab 7.3 was used to process the spectral information. The hydrophone is designed to localize the detection by acoustically isolating a 2 mm sensing element from the remaining shaft. The
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Emerging ultrasonic and megasonic cleaning demands in various applications (solar cell, storage devices, wafer and mask cleaning, etc.) dictate the need to understand the acoustic cavitation under different operating conditions to optimize efficiency of cleaning and reduce damage. Major parameters that affect cavitation include frequency of the sound field, operating power of the transducer and the cleaning chemistry. Previous studies have reported the use of common techniques such as multi-bubble sonoluminescence [1] and sono-electrochemistry [2] to understand acoustic cavitation. The disadvantage with sonoluminescence technique is that it characterizes cavitation mainly in the bulk of the solution, which may not be pertinent to wafer cleaning applications where the interest is in understanding cavitation phenomena close to the wafer surface. Although, sono-electrochemical techniques employing microelectrode are capable of measuring cavitation in the vicinity of a solid surface, they are limited to measurements on an extremely small area due to the miniscule size (5-25 µm) of the electrode. In this context, hydrophone measurements offer significant benefit as they can be taken near a solid surface as well as on a relative large area (1-2 mm diameter) of the pressure sensitive tip. Frohly et al. [3] conducted hydrophone studies in a megasonic (~ 1 MHz frequency) tank and observed that at acoustic intensities below 24 mW/cm 2 , the power spectrum consisted of predominantly line spectrum, indicative of a stable cavitation behavior. As the acoustic intensity was increased beyond 24 mW/cm 2 , a broadband component was observed, suggestive of a more chaotic bubble behavior (transient cavitation). Liu and co-workers [4] also determined the effect of cavitation in tap water under aerated and degassed conditions by means of a hydrophone. Cavitation experiments were carried out at a frequency and power of 20 kHz and 60W, respectively. The cavitation spectrum for aerated tap water indicated lower intensity of both stable and transient cavitation in comparison to that observed for degassed water. The authors concluded that the presence of a dissolved gas (such as air) hinders and decreases the intensity of cavitation by diffusing into the bubble. In the current work, we have characterized transient cavitation in de-ionized (DI) water saturated with air, argon and carbon dioxide at varying power densities and acoustic frequencies between 25 kHz and 970 kHz using a hydrophone (HCT-0310, Onda Corporation). The power for acoustic frequencies between 25 and 500 kHz was fixed at 200 watts for 10 liters of aqueous solution. At 970 kHz, the power varied from 250 W to 1000 W for 2 liters of aqueous solution (corresponding to 2 to 8 W/cm 2 ). The temperature of the experimental solutions was maintained at 22-25 °C. The set-up consisted of a calibrated hydrophone in conjunction with an oscilloscope (NI-5133, National Instruments) to record the acoustic emissions. LabVIEW 2012 (version 12.0) was used to acquire the data at high sampling rates (20-50 million samples per second) for a period of 1 second and Matlab 7.3 was used to process the spectral information. The hydrophone is designed to localize the detection by acoustically isolating a 2 mm sensing element from the remaining shaft. The construction of the sensor is encapsulated in a chemically inert polymer to allow for measurements in typical cleaning solutions. Acoustic calibration of the hydrophone was used to correct the acoustic power spectra as acquired by the electronics. Once the corrected power spectrum was determined, the level of transient cavitation was determined by spectrally masking the drive frequency and its harmonics, and then integrating the noise intensity. Figures 1(a) shows the full spectrum obtained at sound field frequency of 970 kHz and power density of 2 W/cm 2 for air saturated DI water at 25 °C. The fundamental peak corresponding to the driving frequency as well as the acoustic emission from stable resonating bubbles occurs at 970 kHz. The spectrum also shows presence of harmonic and sub-harmonic at 1.93 MHz and 485 kHz, respectively. The emissions at these frequencies are likely from non-linearly oscillating stable bubbles. The amplitudes of peaks at the harmonic and the sub-harmonic frequencies were found to increase with an increase in power density from 2 to 8 W/cm 2 suggesting formation of higher number of non-linear stable bubbles or an increase in the oscillation amplitudes of these bubbles.
Results and Discussion
show the expanded Y-axis scale in the lower amplitude region of the spectrum for megasonic (970 kHz) and ultrasonic (250 and 25 kHz) frequencies. It may be noticed that in all three cases, the line spectrum is superimposed on a broadband spectrum referred to as "white noise". The white noise spectrum has previously been shown to be indicative of transient cavitation [1] . The signal may be attributed to either high pressure from shock waves at the end of a symmetrically collapsing transient cavity or due to pressure impacts from microjets that result from asymmetric cavity collapses in the vicinity of a solid surface such as that of a hydrophone. The frequency of occurrence of collapsing transient cavities is random in nature and therefore appears as a continuum in the spectrum. The continuous spectrum was fitted by peak fitting and subtraction in Matlab from which the fitted curve (shown with solid red color line) was obtained, representing the intensity of transient cavitation. By visual inspection of the relative amplitudes and the corresponding area under the curves at different frequencies of 970, 250 and 25 kHz, it may be inferred that the intensity of the transient cavitation decreases significantly as the frequency of the sound increases from ultrasonic to megasonic range. The normalized values of calculated transient cavitation intensity are plotted as a function of acoustic frequency in Figure 2 . It can be seen from this figure that the transient cavitation intensity in air saturated DI water is highest for ultrasonic frequency of 25 kHz and falls sharply as the frequency increases to 40 and 80 kHz. As the frequency increases from 80 kHz to 120, 250 and 500 kHz, the drop in transient cavitation intensity is more gradual. At 970 kHz, the transient cavitation intensity drops by almost two orders of magnitude compared to that at 25 kHz. The differences in transient cavitation intensities at various frequencies can be explained based on the maximum size reached by the bubble prior to its collapse depending on the acoustic frequency. At lower frequency, the time during the rarefaction phase of the acoustic cycle is larger than that at higher frequency, which allows the bubble to reach a bigger size and collapse much more violently. Further, the threshold pressure amplitude increases considerably with increase in the acoustic frequency thereby statistically reducing the probability of transforming stable bubbles into transient ones. As shown in Figure 3 , an investigation was done to understand the effect of dissolved gases (air, argon and carbon dioxide) in DI water at different power densities on the level of transient and stable cavitation pressure at 970 kHz. The transient and stable cavitation was normalized to the direct field pressure, assuming the amplitude of the driving force at the fundamental frequency is independent of which gases are dissolved. From Figure 3(a) , the ratio of stable cavitation pressure to direct field pressure for the air and argon saturated solutions increase from 0.26 to 0.49 and 0.28 to 0.53, respectively as the power density increases from 2 to 8 W/cm 2 , whereas the ratio for the carbon dioxide saturated solution remains with little change (0.08 to 0.10). The presence of CO 2 likely suppresses the relative stable cavitation pressure as compared to air and argon, which may be explained by the non-linear behavior from sub-harmonics and ultra-harmonics. It may be important to point out that in CO 2 saturated solutions, no visible bubbles were observed in the solution during irradiation with the sound field, which was not the case with other gasified solutions. This may possibly suggest that formation of bubbles is somehow inhibited or restricted by the presence of dissolved CO 2 in aqueous solutions. Although previous studies [5, 6, 7] focused on understanding the effect of dissolved CO 2 to regulate transient cavitation, this study shows that dissolved CO 2 could also be used to control the level of stable cavitation. It may be noted from Figure 3(b) that the ratio of transient cavitation pressure to direct field pressure for the air and argon saturated solutions increase from 0.14 to 0.26 and 0.14 to 0.23, respectively as power density increases from 2 to 8 W/cm 2 . Similarly, the transient cavitation pressure to direct field pressure ratio for the CO 2 saturated solution shows no significant change and is generally lower compared to air and argon saturated DI water. These results agree with previous work, where sonoluminescence and damage studies verified that CO 2 saturated aqueous solutions exhibit lower levels of transient cavitation compared to air saturated solutions [5, 6, 7] . The lower transient cavitation intensity in CO 2 saturated solutions may be due to several reasons [8] . The first effect may arise from lower probability of bubble formation in CO 2 containing solutions as explained earlier.
Secondly, the polytropic index of CO 2 gas is lower than that of air and argon (γ CO2 =1.3<γ air =1.4<γ argon =1.7), which causes the temperature and pressures inside a collapsing bubble to be lower when it contains CO 2 than that when it contains air or argon. Further, the solubility of CO 2 in DI water at room temperature is about 1400 ppm which is much larger than that of air (solubility ~ 22 ppm) and argon (solubility ~ 62 ppm). Higher solubility of CO 2 can cause cushioning of the bubble during collapse and reduce the intensity of collapse. All of these effects in combination may be reducing the extent of transient cavitation in CO 2 saturated solutions. The effect of higher power density on increase in stable/transient cavitation pressure could possibly be attributed to (i) better nucleation and growth of bubbles by rectified diffusion or Bjerknes forces, (ii) bigger size of the bubbles prior to collapse, (iii) an increase of collapsing bubble wall velocity, and (iv) higher oscillation amplitude of stable bubbles. The above results indicate that we have been able to successfully develop and use a hydrophone and associated methodology for the characterization and measurement of intensity of stable and transient cavitation under various sound field and solution conditions. The methodology can be of immense value to researchers working in the megasonic wafer and mask cleaning applications, where the hydrophone can be used for identifying conditions that will offer effective cleaning without any damage to the fragile features. 
168
Ultra Clean Processing of Semiconductor Surfaces XII
